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Introduction
In recent years, remarkable loss reduction of the power semiconductors have been achieved, and as a result, the loss of the magnetic components, such as the transformers and the inductors, used in the power converters becomes relatively increasing. In order to increase both the conversion efficiency and the power density of the power converters, a study on the loss reduction method on the magnetic component is one of the most important issue among the power electronics authorities. Traditionally, reduction methods of the magnetizing loss of the transformers and the ac motors have been studied (1) - (4) . However, only a few papers have been reported the inductor iron loss of the ac/dc filter inductor under the use of the high-frequency PWM switching condition. In this case, the magnetic trajectory on the BH-plane has two kind of the magnetic loops. The one is caused by the lowfrequency current which depends on the output current and another is caused by the high-frequency ripple current which depends on the modulation condition of the inverter (7) . In this paper, the former magnetic loop is called a major loop and the later magnetic loop is called a dynamic minor loop. Also, it is well known that the magnetic operating point and the shape of dynamic minor loop are changed according to the instantaneous amplitude of the low-frequency current. Especially, in the case when the switching frequency is much higher than the output frequency, the loss caused by dynamic minor loops (the high-frequency ripple current) usually dominate the iron loss of the inductor. Hence the loss calculation on the inductors are usually complicated compared to that on the transformers. However it is difficult to calculate the iron loss caused by the high-frequency ripple current on the above condition because the magnetic component suppliers provide * Depatrment of Electrical Engineering, Tokyo Metropolitan University 1-1, Minami-osawa, Hachioji 192-0397, JAPAN * * TOHO ZINC Co., Ltd, Naka 387, Fujiokashi, Gunma 375-0005, JAPAN only a few loss data taking those high frequency ripple current into account. P. Tenant et al. have reported a prediction method of the iron loss of the inductor used in the DC-DC converters based on dynamic minor loop (5) . In this method, the iron loss is calculated on the basis of numerical dynamic minor loop which takes hysteresis loss, eddy current loss, and residual loss into account. However, some experimental data are necessary in order to adjust the numerical parameter in the numerical equation. Then, it is difficult to apply this method in designing the inductor used in many kinds of converters with the different conditions. This paper proposes a novel iron loss calculation method based on the loss-map of the magnetic materials. Once the loss-map is generated from the measured result, it can easily be applicable to many kinds of converters even if the magnetizing conditions of the inductors are different. In this paper, the dynamic minor loop characteristics of the magnetic core in the use of the switching converter are defined. Then, the dynamic measuring method of the dynamic minor loop by using the buck-chopper circuit is presented. Next, some typical loss characteristics derived from the dynamic minor loop measurement is discussed. Also, a novel loss calculation method of the ac filter inductor in the PWM inverter by using the loss map method is proposed. The calculated losses are verified through the experiments. Finally, our future works for the loss map method are also mentioned. 
Dynamic Minor Loop of the Inductor
Where, N, l e and S e are the turn number of the windings of the inductor, the effective magnetic length and the effective cross sectional area of the magnetic core, respectively. Because of the time delay of magnetization, the waveform of magnetic field, H, becomes distorted from triangular-wave as shown in Fig. 1(b) . Therefore the dynamic minor loop on the BH-plane can be illustrated as shown in Fig. 2(a) . The iron loss on the inductor corresponds to the area surrounded by this loop. The area sometimes becomes large, as shown in Fig. 2(b) , due to the increase of the eddy current loss and the residual loss at very high frequency switching condition.
Above mentioned loss caused by the dynamic minor loop deeply depends on the induced voltage/current waveforms, the dc-bias condition and the switching frequency as well as the magnetic hysteresis characteristics (7) . However, traditional loss characteristic data supplied from the magnetic material suppliers are usually the one measured on the sinusoidal voltage excitation with no dc bias. Hence, the expected loss calculated from those data sheets usually differs from the actual one. Then, most of the power electronics designers usually have to measure the inductor loss on the experimental setup at their laboratory. A novel loss calculation method based on the dynamic loss measurement presented in this paper can remove this exhaustive work and make the converter design efficient. In the first step, the measuring method of the dynamic minor loop is proposed, and the iron loss characteristics obtained from this method is discussed. In the next step, the novel loss map which reflects the iron loss characteristics is created. Finally, the loss calculation method of ac filter inductor used in the PWM inverter are proposed. Fig. 3 shows the measuring system for the dynamic minor loop of the inductor under the rectangular voltage excitation. In order to induce the rectangular voltage to the inductors, a buck chopper circuit is used. Table 1 shows the specification of the inductor used under the test. The core material of this inductor is the iron powder compressed core. In order to avoid the influence of air gap, a toroidal core was used. The flux density, B, is detected by the secondary winding in order to avoid the influence of the voltage drop of the winding resistance. Also, the secondary winding is carefully wound so as not to create the parasitic capacitor between the winding.
Measuring System
In order to measure the iron loss accurately, it is essential to detect the accurate magnetic field, H. In this measuring system, the magnetic field is detected by Tektronix A6303 dc current probe. V.J. Thottuvelil et al. have reported the current probe is inappropriate for the accurate magnetic field detection due to its large error phase angle between the actual current and the detected signal on the current probe (6) . Fig. 4 shows the measured percent error of the iron loss. Horizontal axis shows the real phase angle, θ, between the inductor voltage and the inductor current, and the vertical axis shows the percent error of the iron loss when the error angle, α, is contained in the current measuring signal. The percent error 
It can be seen that the lower the error angle takes, the lower the percent error becomes. On the ideal inductor, the phase angle, θ, takes 90 deg. However, the value of the phase angle, θ, decreases on the practical inductor because of the iron loss. It is also obvious that the percent error is critically affected by the error angle, α, when the phase angle, θ, is larger. This means that we should decrease the error angle, α, as small as possible. In our study, we used the material as SK-14M which takes the value of the phase angle, θ, around 80 to 86 deg. We decreased the error angle, α, to 0.25 deg by using the dynamic phase correcting function on the B-H analyzer as shown in Fig. 5 . Hence the percent error of the iron loss on this study can be reduced to less than 5%. The chopper circuit is operated synchronized with the pulse signal, in this case 10000 pulse, that is generated by the BH analyzer. The trajectories on the B-H plane for each pulse are converged to an averaged loop, and hence the measurement error, which is caused by the temperature rise of the winding and the electrical noise, can be mitigated. As a result, the accurate iron loss caused by the dynamic minor loop can be measured by this system.
Measured Results and Loss Map of the Magnetic Materials

Influence of Bias Magnetic Field
In the measuring system shown in Fig. 3 , the input voltage and the duty ratio of the switch, Q, are set to 30 V and 50%, respectively. By changing the output current, I o , from 1.5 A to 8 A, the bias magnetic field, H o , is changed from 1230 A/m to 6500 A/m. The iron losses are measured under two conditions, such that ∆B is kept constant or ∆H is kept constant regardless of change of H o . The "constant ∆B" condition corresponds to the operation under the voltage pulse width modulation, and the "constant ∆H" condition corresponds to the operation under the current hysteresis modulation. Fig. 6 shows the measured results of the dynamic minor loop under above conditions as the bias magnetic field, H o , is changed from 1230 A/m to 6500 A/m. Figs. 6(a) and (b) show that the value of ∆H and the area surrounded by the dynamic minor loop increases as the bias magnetic field, H o , increases under the "constant ∆B" condition. This is because that the inductance, L, reduces as the bias magnetic field, H o , increases. This fact shows the iron loss increases as the bias magnetic field, H o , increases under the "constant ∆B" condition. Figs. 6(a) and (c) show that the value of ∆B and the area surrounded by the dynamic minor loop decreases even though bias magnetic field, H o , increases under the "constant ∆H" condition. This is because that the shape of the loop comes to narrow as bias magnetic field, H o , increases.
Frequency Dependency
Here we discuss the frequency dependency of the iron loss on SK-14M. The frequency is changed from 5 kHz to 20 kHz. Figs. 7(a) and (b) show the dynamic minor loops at the frequency of 5 kHz and 10 kHz, respectively. ∆B and H o are adjusted to 400 mT and 1230 A/m, respectively. Figs. 8(a) and (b) show the frequency dependency of the iron loss and that of the dynamic minor loop, respectively. We can see that the shape of minor loop and the resultant minor loop's area of this material do not changed in this frequency band. It is predicted that the hysteresis loss on this material is dominant in the iron loss in this frequency band, such as from 5 kHz to 20 kHz. It should be noted that the shape of dynamic minor loop may vary in the case when the switching frequency is much higher than that we measured. Because the eddy current loss may increase. However, in this study, we can neglected those effects by setting the switching frequency to 15 kHz in order to clarify the basic concept of the proposed method.
Loss Map of Magnetic Materials
Figs. 9 shows the novel loss map obtained from above mentioned experimental results. This loss map is expressed by bias magnetic field, H o , and area of dynamic minor loop [J/m 3 ] with parameters of ∆H and ∆B. This loss map does not depend on the core size and turn number of the winding, since BH-curve characteristics usually depend on the core material. Then this loss map enables to predict the iron loss of the inductors under arbitrary conditions. In the case when we calculate the iron loss of the filter inductor on the DC-DC converters, the iron loss can be calculated very easily. Substituting some operation parameters on the inductor in the equation (1) and (3), then we read out the value of the minor loop's area on the loss map. Hence, we can evaluate the iron loss by multiplying the area of this loss map by switching frequency and the volume of the core. At very high frequency conditions, as the eddy current loss and the residual loss can not be negligible, the actual area surrounded by the dynamic minor loop will increase from the area shown in this loss map. In this case, it is enough to multiply the value on the loss map by some coefficient. Derivation of the coefficients will be the future work in our group. Fig. 10 shows a single phase PWM inverter including an AC filter circuit. Fig. 11(a) shows the operation waveforms and Fig. 11(b) shows a part of the dynamic minor loop of the AC inductor core which correspond to the waveforms surrounded by the circles in Fig. 11(a) . As shown in Fig. 11(a) , bias magnetic field changes dynamically due to the change of output current. Then, the dynamic minor loop of the AC inductor core in one switching period becomes to open-loop shape, as shown in Fig. 11(b) . It seems to be difficult to predict the iron loss because the trajectory does not form closed-loop at each switching interval.
Dynamic Minor Loops of AC Inductors on PWM Inverters
Approximation Method of the Dynamic Minor Loops
In order to make the iron loss calculation possible, this paper presents an approximation method of the dynamic minor loop of ac filter inductor. Fig. 12(a) shows the magnetic trajectory(dynamic minor loop) on the B-H plane during one switching period. The magnetic operating point on the trajectory moves from P to Q and ends at R. Then we also can assume that the sum of the area, S 1 , surrounded by the arc PQ and the line PQ, and the area, S 2 , surrounded by the arc QR and the line QR corresponds to the iron loss during one switching period. If we assume that the iron loss caused by the high-frequency ripple current is negligible, the trajectory on the B-H plane of the magnetic material may trace on the lines PQ and QR. In the case when the switching frequency of the PWM inverter is much higher than its output frequency, the starting point P of the trajectory is very close to the ending point R. Here, when we move the arc QR so that the line QR is superimposes to the line PQ as shown in the Fig. 12(b) , the area surrounded by the figure PQRP coincide with the sum of S 1 and S 2 . In this study, we call this figure as the quasi-closed loop. And the shape of this quasi-closed loop is also similar to the dynamic minor loop on the buckchopper circuit in the previous section. Fig. 13(b) shows the measured result of the dynamic minor loop of the inductor on the PWM inverter. Table 2 shows the circuit parameters of the PWM inverter. Fig. 13(a) shows the measured dynamic minor loop of the inductor on the buck chopper circuit. The magnetizing condition of the dynamic minor loop is set to 
Inductor Iron Loss Calculation Method on PWM Inverters
Usually, both the low-frequency current component of the inductor current and the variation of the value of ∆B on the ideal inductor are almost same with those on the practical inductor. Then the variation of value of ∆B and H o in each switching interval can be calculated by using adequate circuit simulation software such as P-spice and P-SIM. By using this result, the dynamic loop's areas of the inductor, S i , in each switching period can be plotted , of those are denoted by "•", in the loss map as shown in Fig. 15 . Loop area's locus can be drawn by tracing each point, and the shape of the locus expresses the loss distribution corresponding to both the output current waveform and the modulating condition. Once we can get this loss distribution, the iron loss of the filter inductor can be calculated from the following equation.
Where, V e is the volume of the inductor core, f o is the output frequency which is same with the low-frequency current of the inductor, S i is the area surrounded by the quasi-closed loop in each switching period, n is the number of the quasiclosed loop in half cycle of the low-frequency current.
Verification of Inductor Iron Loss Calculation Method on PWM Inverters
The proposed iron loss calculation can be executed by P-SIM. Table 2 shows the circuit parameters on the simulation. Fig. 16(a) shows the simulation result of the inductor current, i L , the inductor voltage, v L , the bias magnetic field, H o , the flux density ripple, ∆B, and Fig. 16(b) shows the area's locus on the loss map. Table 3 shows the iron loss obtained from both the calculation method and the experimental setup. In order to measure the iron loss, the power-analyzer PZ4000(YOKOGAWA) was used. Taking the error of the power analyzer and the error of the loss map into account, it can be concluded that the calculated loss coincide well with the measured one. Hence, it is verified that the proposed iron loss calculation method of the ac filter inductor on the PWM inverter is useful.
minor loop. The loss map enables to predict the iron loss of the inductor on the DC-DC converters. Furthermore, a calculation method of the iron loss of the ac filter inductor on the PWM inverter is also proposed. It is verified that the calculated results of the iron loss of the AC filter inductor on the PWM inverter coincide well with those on the experimental set up. It is concluded that the proposed loss map and the iron loss calculation method is useful for designing the optimal inductor used on the switching converters. Based on the proposed loss map, development of the optimal modulation method that reduces the inductor loss on the inverter is the future work.
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